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I. Introduction

The objective of the research study performed under this grant
was to obtain laboratory data concerning the quantitative absorption in
the ‘1_1u,n‘a and 22 pm region due to HNO3. These studies were to include
obtaining spectra under different temperature conditions so that the
temperature dependence of the absorption could be determined. The
ultimate objective of the research was to :qlﬂetermine the molecular band
model parameters and their dependence on temperature in order to accurate-

ly predict the emission or absorption due to the HNO3 in the atmosphere.

As the study was getting under way it was decided that in view of

the current interest in stratospheric NO, that the study should be expanded

2

to include a laboratory study of the 6,2pu NC)2 band as well as the I'-INO3

bands. The first phase of the study consisted of the quantitative studies

of the 6,2y NO_ band and the 22.0p HNO3 ‘bands. The results of this

2
phase have been described in detail in the attached publications, T he last

“phase of the program was devoted to the measurement of the temperature

dependence of the 11y and 22 HNO_ bands, The results of these studies

3
are described below.

Vapor.

II, Temperature Dependence of the 1ipy and 22p Bands of HNO3

The previous laboratory measurements of the 11y and 224 HN03

bands t,3) were made at +40°C.. These were extended here to lower temp-
eratures, down to -10°C. The 11y bands consist of the Vg and the 2!)9
transitions  while the 22y bands consist of the v, hot bands. 'The tempera-

9

ture de.pendence of the integrated intensity, after the density correction,
is 1 for a fundamental band and ‘is larger than 1 for an overtone or a

(4, 3)

combination band Over a small range of temperature the deviation
from-1 can be neglected. In particular, the temperature dependence for

the 2vg transition is [1-exp(-1.439 x 458/T (°K)]-2 [l-exp(-1.439 x 2 x 458/T (°K) ],



which varies by only a few percent in the 313-263°K range, In addition,
the average spectral line spacing is not ‘expected to vary over a small
temperature interval., Therefore 'the present (SO/d) measurements. at

the lower temperatures are expected to increase as 1/T.

Fig 1 shows a quantitative spectrum of the llpy bands at -10°c
under ~0, '."n‘cnrf1 resolution, Comparison with similar spectrum at +40°C
(Frig 4, Ref 3) shows no significant changes in the spectral features. Figs:
2 and 3 show low resolution quantitative spectra at +10°C and -10°C taken
for the purpose of band model analysis, They can be compared with simi-
lar spectra at +40°C (Fig 5, Ref 3). The resulting (S°/d) values are
tabulated in Table I and also plotted in Fig 4, together with the values
. obtained previously at +40°C. It is apparent that the 1/T dependence is

verified within the experimental error (5-10%).

Similar data were obtained for the 22pum bands. Fig. 5 shows a -
. -1
quantitative spectrum of the 22y bands at -10%C under ~0.5cm resolution,
Fig. 6 shows a number of low resolution spectra of these bands at +10°C.

Such spectré were the basis for the band model analysis of the data.

‘The analysis of the 22y bands low resclution measurements indicated -
that for some unclear reason pressure fluctuations occurred during the
measurements, especiallfr during the -10°C measurements. As a result,
signif.icant fluctations wer.e introduced into the der'ived (-InT/P )} values
{(where -7 is the transmittance aﬁd P the pressure), and, subsequently,
into the curve of. growth, Due to these pressure variations the fitting of
the experimental data to the theoretical curves of growth was not satisfactory,
At a number of frequencies at -IDOC no fitting was possible, Thé_ resulting
So/d values, . together with these 'obtéined previously at +400C, are shown
in Fig., 7. A .rel-atively large error (approximately a factor of 2), is to
be associated with those frequencies for which a fitting was accomplished
for both +10°C and -10°C. Due to the large errors involved, no obvious

temperature dependence can be concluded at the moment for the 22p bands.
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Table I. SO/d Values at. SevEral-Temperatu.fes for the 1llu I—II\IO3 B‘ands.

v | s%/a o s%a 5974
(Cm—]) | (ati’nd'cmd)' - (atm—lcrnul) (atmd].cm_‘l)
at +40°c at +10°G at -10°C
850. 0 2.20 2.31 2.29
852. 5 2.98 3,17 3,08
855.0 3,91 4.12 4.03
857.5 5.03 5.34 5. 25
860.0 6.15 6.59 6. 80
862. 5 7.27 7.5 o 8.23
B65.0 8.15 8.65 | 9. 30
867.5 8. 82 9. 24 10. 06
870.0 9.22 9. 68 ©10, 46
872.5 9. 39 | 9. 88 | 10. 57
875.0 9. 46 _ 10,05 | 10. 67
877.5 10. 55 o 11, 44 . 12,10
880.0 11. 56 ‘ 13,03 14,06
882, 5 11. 28 ©11.80 12. 84
885.0 11.10 12,23 13,20
887.5 11,24 - 12,31 - 13. 50
890. 0 11,17 ' 12,30 135z
892. 5 11,57 B 12.80 14,02
895.0 12,40 13,96 - 14, 89
897.5 12, 24 : 14.53 15,15
900. 0 10. 49 11.77 , 12,11
902. 5 8. 64 9. 44 . 9,91
905. 0 7.51 8.05 8. 41
907. 5 6

. 84 | 7.42 - 8. 15 -




Table 1. So/d Values at Several Temperaturés for the l1llp HNO. Bands,

3
v 5% - s%4 - s%4
(cm‘l} (at’rn.‘--cm_l) (atm-lcm—l) (atmnlcm_l)
at +40°C at +10°C at -10°C
910, 0 | 6.14 7.02 - 7.60
912. 5 5. 66 6. 54 6.97
915, 0 4.90 5. 66 5..89
917.5 3.89 . 4.31 4, 58
920, 0 2.87 3. 10 3.22
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The 21.8 pum absorption bands of HNOQ; vapor were measured at 40°C. Statistical-band-model
analysis of the data resulted in spectral-band-model parameters and vielded an integrated mtemlty of

393 £ 15% (cm Zatm~") at 40°C between 390 and 502 cm— .

Index Headings: Absorption; Spectra; Infrared.

Stratospheric HNO, was originally detected by the iden-
tification of the 7.5 pum vibration-rotation band in the
solar spectrum. ! Subsequently, the 5.9, 11.3, and 21.8
pm HNO; bands were also observed in the solar spec-
trum, *"7 and the 11, 3 and the 21. 8 um bands were ob-
served in atmospheric emission spectra,*™® The 11,3 um
band, which is centered at an atmospheric window,
has been used extensively for derivation of vertical dis-
tributions of HNOQ, in the stratosphere, *°

Atmospheric absorption and emission spectra of the
21, 8 um HNQ; bands are shown in Figs. 3 and 5 in Ref.
5. Quantitative analysis of such spectra requires labo-
ratory measurements of the spectral absorptivity param-
eters of these bands, Such parameters were measurad
and are pregented here,

The instrumentation and the experimental and theoret-

ical techniques used in the present study are quite sim-
ilar to those described previpusly.®** The specira were
recorded on a double-heam Beckman infrared spectro-
photometer Model IR-7, employing a CsI foreprism and
grating optics. (In order to ¢btain high resolution over
the CslI region, two orders of grating are utilized; the
change occurred at 504 em™, ) The AgCl cell windows
used previouslyB show little transmittance of infrared
energy below 450 cm'l, so they were replaced by AgBr
windows, Figure 1 shows the HNQ; vapor survey spectra
as measured in the 340-690 cm™ region, Similar spec-
tra for the 600-4000 cm™ region are shown in Ref. B.
Figure 1 shows that the 21.8 pm bands extend from
about 360 to about 520 cm™. H,O vapor lines that were
superimposed on the same chart allow an improved wave-
number calibration and show the overlapping regions be-
tween HNQy and H,;0O lines. This occurs mostly at the
HNOj v, 3v9-2vg, and 6vy-5vg @-branch peaks. H;Q
calibration spectra under similar resolution and gas
amount are given in Ref, 12. The spectral resolution

of ~1 cm™ does not allow a clear separation of the groups
of the HNO, rotaticnal lines, spaced at approximately
0.8 cm™, which were observed in the balloon-flight
data.® This spacing is in agreement with a C-type
rigid-rotor approximation for the HNQ, vy fundamental
pand, as the rotational constants are’® A~B=~0.4 cm™
The optical path used in Fig., 1 allows for the identifica-
tion of a number of hot bands on the low-wave-number
side of the vy fundamental band, The measured Q-branch
peaks (within =0, 1 em™) occur at 457. 8, 438.5, 422.1,
410, 5, 392.8, and 376.5 cm " for the vy, 2vg-vg, 3ve-2vy,
4y~ vy, Svp-4vg, and 6ug-Svg bands, respectively,

10

~ earlier, ™

These values include more hot bands than thogse observed
and should be useful for a more-detailed vi-
brational analysis. The first two of the hot bands, i.e.,
2vy-vg and 3vg-2vg, are also observed on the atmospheric
absorption shown in Fig. 3 of Ref. 5, The first hot band
is also clearly observed in atmospheric emission; the
second one, which is close to a strong H,O line group,

is smoothed out by the spectrometer slit function (Fig,

5 of Ref, 5).

A large number of low-resolution (~7 ¢m™) quantita-
tive specira were obtained for a band-model analysis of
the 21, 8um bands by using five different absorption cells
and numerous gag pressures. The 0:5, 1.0, and 2.0 cm
cells were made from Teflon, and the 5.10 and 9. 94
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FIG. 1, Speetra of HNO; vapor in the 340-690 cm™ region at
~1 em™ resolution obtained with the 8,94 cm cell. The upper
HNQy spectrum is at 2. 0 torr; the lower is at 38,5 torr, and
both are at 40°C. The low-pressure spectrum was deleted

_from 510 to 540 em-! (horizontal arrows} because it does not

have a measured ahsorption. HyO lines, denoted by vertical
arrows, are superimposed on the HNOy speetra.
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FIG. 2. Low-resolution (~7 curl) spectra of HNO; vapor at
40°C in the 9. 94 cm cell, Pressures from the top are 1.3,
2.5, 4.9, 7.5, 10.5, 15,0, 21,0, 34.5, 38.0, and 51.5 torr.

cm cells were made from Pyrex glass. Some of the
spectra produced are shown in Figs. 2 and 3. These
were made with pure HNOQ; vapor at 40 °C, with pres-
sures ranging from a few torr to near saturation pres-
sures. The saturation pressure at room temperaturel®
dictated the maximum absorption that could be obtained
‘with a given cell,

The gpectral curve of growth analysis was applied to
~ 70 frequencies within the band, at ~2 cm™ intervals
to closely follow the shape of the absorption curves.
Fitting - InT/p vs L [where T is the observed average
transmittance, p (atm) is the pressure, and L {em) is
the cell length] to a two-parameter model (with Lorentz
line shape)® yielded the band-model parameters, o,
(em™) and B) (atm™), Their product, which yields (8%/d),
(cm™atm™), is shown in Fig. 4. This analysis showed
that for most frequencies within the band, the absorption
ig in the linear and intermediate regions of the curve of
growth. The exception is the v, @-branch, in which the
absorption is in the intermediate and square-root region
with o, =0.486 cm™, pl=34.1 atm™, and ($%d),= 16. 5
ematm™, Asa result, the accuracy of (s%/4), is sig-
nificantly larger than that of o, and 80, Fitting — InT/p
vs L to a three-parameter model (with Voigt line
shape)®!! yielded the same values for @, and 80 and, in
addition, values for 52, In principle, this allows the es-
timation of the Lorentz half-width. However, the corre-
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FIG. 8. Low-tesolution (~ 7 em™) spectra of HNOy vapor at
40°C in the 5.10 ¢m cell, Pressures from the top are 1.4,
3.8, 6.7, 12,0, 16.5, 24,0, 29,0, 36.0, 45.5, and 55.5 torr.
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FIG. 4. (5%/d), for the 21.8 wm HNO; bands in the 390502

cm-! region,

sponding 8, values are » 1 so that the fitting is not sen-
gitive to this parameter,

The integrated intensity S; (em™2atm™, at 40 °C) of
the 21,8 um bands was derived in two ways®: one from
59- 2 (s%/d),dv, and one from S%= (- 1/pL) [2 T () dv
of the short cell. These gave 383+ 15% and 404 + 209
(em™atm™), respectively, between v;= 390 em™ and
va=502 cm™', As discussed previously, ® the first of the
two values should be regarded as the best value for the
integrated intensity.

Although the temperature of the gas samples used in
the present study is higher than the lower stratospheric
temperature, it is expected that the present resulis will
be useful in the analysis of absorption and emission
spectra of the lower stratosphere in the 20-24 ym re-
gion. In particular, these results, in addition to those
from the 11.3 pm band, **7 can be used for an indepen-
dent determination of HNQ; vertical digtribution, Care-
ful attention should be given, however, to the interfer-
ence between the HNQ; and the HyO lines in this spec-
tral region.
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ABSOLUTE INTEGRATED INTENSITY AND INDIVIDUAL
LINE PARAMETERS FOR THE 6-2u BAND OF NO,*
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Abstract—The absolute integrated intensity of the 6-2u band of NO. at 40°C was determined from
quantitative spectra at ~ 0 cm™' resolution by the spectral band model technique. A value of 1430 £ 300 cm™
atm™' was obtained. Individual line parameters, positions, intensities and ground state energies were derived,
and line-by-line calculations were compared with the band model results and with the quantitative spectra
obtained at ~0-3cm™' resolution.

1. INTRODUCTION

Smce the identification of the »s NQO, band in the solar spectrum, as observed from a
balloon-borne spectrometer,” this band has become of considerable importance for
spectroscopic studies of NO: in the atmosphere.”™ The quantitative analysis of atmospheric v,
NQ, data requires a precise knowledge of the spectral-line parameters, i.e. line positions, .
absolute intensities, halfwidths and ground state energies. A successful rotational analysis of this
band was accomplished only recently by HurLock ¢t al.,”’ from which the line positions, ground
state energies and relative intensities can be computed. However, there exists only the
measurement of the total band intensity™ to which the individual relative intensities must be
normalized.

In the present work, we have remeasured the 6-2u NO, band intensity from quantitative
spectra obtained with several absorption cells, These spectra permitted the total band intensity as
well as an estimate of the self broadened Lorentz halfwidth to be determined, using spectral band
model analysis of ~ 10 cm™ resolution spectra. These resuits and the recently derived rotational
constants® were used to generate individual line parameters for the »; “N"0. band. The
derived iine parameters were used for spectral comparisons with the band model results and with
quantitative spectra obtained at ~0-5¢cm™" resolution.

2. MEASUREMENTS AND BAND MODEL ANALYSIS

The experimental procedure, insirumentation and methods of analysis used in the present
study have been described in detail in previous publications.' ™ The spectral band model analysis
of laboratory data has been described for spectral lines with either Lorentz or Voigt shape.*™

*Supported in part by NASA Langley Research Center and in part by Ballistic Research Laboratories, Aberdeen Proving
Ground.
tChemistry Division, Denver Research Institute, University of Denver,
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108 A. Gol.oMaN ¢t al.

The spectra were recorded on a double-beam Beckman infrared spectrophotometer, Model
TR-7, at 40°C. A total of four cells was used, ali with AgCl windows. The 0-5 cm and 2-0 cm cells
were made from Teflon, and the 4-96 cm and $-94 cm cells were made from Pyrex glass. The NO:
samples used were CP grade from the Matheson Company. No foreign gases were introduced
into the absorption cells. Numerous spectra were recorded at ~10 cm™' resolution and at
~0'5 cm™ resolution with various pressares from ~3 fo ~300 mm Hg. The pressures were read
using both a standard mercury-filled manometer with a small layer of Kel-F fluorocarbon oil
protecting the mercury, and a differential manometer filled with the same oil.

Quantitative NO, analysis of these absorption spectra is complicated by the fact that NO,
dimerizes according to 2NO; z2 N>O.. In addition, a small impurity of HNO; was also present in
the spectra. The HNO,; and N,O. contaminations were monitored by scanning the
1670-1800 cm ' region at ~ 0-5 cm™ ' resofution, which showed both the 1750 cm™ N;O4band and
the 1712cm™" HNO; band. HNO; and N,O. bands, however, do not overlap the »; band of
’4N1602-

The band model curve-of-growth analysis was applied to the ~ 10 cm™* resolution spectra. A
typical set of spectra as obtained in one of the four cells is shown in Fig. 1. Tn order to minimize

" the effects of the dimerization, the analysis was applied to data obtained with pressures less than
100 mm Hg. At a total pressure of 100 mm Hg and at 40°C, the ratio of NO; to N2O, is 4:1, as
calculated from the known equilibrium constant.® As the pressure decreases, the NO, proportion
increases significantly (larger proportions of NO; with little N,O. dimerization can be obtained at
higher temperatures). The NO; pressures were also corrected for the HNO; comtamination which
was estimated as less than § per cent of the total pressure.

The curve-of-growth analysis was applied to ~ 40 frequencies within the band, at ~3 cm™
intervals, so that the selected net of frequencies closely followed the shape of the transmittance
curves. For each selected frequency »(cm™*), the observed —In T(2)/P (where T is the average
transmittance and P is the NO, pressure) was fitted to a curve-of-growth with a Voigt profile, as
described in detail in the previous publications.” This analysis yields values for the band model
parameters a{v)(em™"), B°(v){atm ') and d°(»)(atm™),*™ shown in Fig. 2. A typical fitting of
—1In T(»)/P for one point of Fig. 2 (at » = 1630 cm™") is shown in Fig. 3. The variance of this
fitting is ~4 per cent.

TRANSMITTANCE
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Fig. 1. Typical set of ~ 10 cm™' resolution spectra of the 6-2 N, band.



Absolute integrated intensity and individual line parameters for the 6-2u band of NQ, 169

20

alullere) | goludatr) |, aulatm )

i I i PR 1 i i
00 e Bho T BEGei0 TeE  ER e
WAVENUMEER (o)

Fig. 2. Spectral band model parameteters o (), §%v) and d%(v) derived for the 62 NO, band. The verticat
scale applies to w(v) and is to be multiplied by 10 and 100 for 8%(») and 4%(») respectivety.
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In Fig. 2, 8°(r} is proportional to the ratio of the average Lorentz halfwidth and the average
line spacing. The peak in the B°(») curve near 1615 cm™ indicates high density of the spectral
lines. This could be due to the Q-branches in this region {(see Fig. 4), as well as possible spin
splitting effects and “hot™ bands contribution. The quantity «(3)L, where L is the cell length,
yields the Ladenburg-Reiche parameter; therefore' the a(r) curve indicates that the present
experimental data fall mostly in the intermediate region of the curve-of-growth. The parameter
d*(v) is propottional to the ratio of the average Lorentz halfwidth to the Doppler halfwidth; thus
it can be used to derive the variation of the average Lorentz halfwidth across the band. However,
Fig. 3 indicates that the fitted curvature in the Doppler region is not supported by sufficient data
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points. In this regard it should be noted here that fitted d°(») values greater than ~100 are
uncertain. This is due to the fact that, even Tor the lower pressures pressures (~5 mm Hg) used
for the present spectra, the Lorentz halfwidth is still of the order of the Doppler halfwidth so that
the Lorentz shape contribution dominates the Voigt shape. As a result, the fitted
curves-of-growth are not very sensitive to d°(¥}= 100 and the corresponding Lorentz halfwidths
[derived from d°(v)] are uncertain. It is estimated that the average self-broadened Loreniz
halfwidth is 0-08 cm ™ atm ™" =50 per cent at 40°C. This result indicates the possibility of a higher
value than the theoretical estimate of 0-06 cm ™" atm™ at 300°K.” Sensitivity tests show that the
results for o (r)and B°(v) are practically independent of d°(v) when d°(») = 100. This conclusion
has also been verified by fitting the data outside the Doppler region to the spectral band model
with a Lorentz line shape, i.€. a two parameter model with the same « (v) and 8°(») as above.”
Further sensitivity tests of the fitted band model parameters verified that (S°/d). = a(#)B"(#) is
the most accurate parameter derived in the present analysis.”

The integrated intensity for the total band is then obtained by the [ (5°/d), dv over the band.
The area under the (S°/d), curve yields an estimate of 1430%300cm™ atm™’ for the band
intensity at 40°C. This includes an additional 12 per cent estimated from the spectra in the
shortest cell for band wings not covered in the band model analysis. This band intensity is lower
than that of 2059 cm ® atm " at 25°C derived by GurMan." It is interesting to note that the
present curve-of-growth analysis clearly confirms that the small cell length used by Gurrman
(0-045 cm) is in the linear region of the curve-of-growth so that his derivation of the band
intensity from the —fIn T(¥)dv/P(NO;)L curve should definitely yield the correct band
intensity. The source of the disagreement is not clear, but may be due to differences between
GurrMans and the present determinations of the NO: gas amounts in the absorption cells.
However, GurtMan's work vielded the generally accepted heat of dissociation for N,Q.,"" and
his observed temperature dependence for the band intensity verifies the correct change in gas
composition with termperature.

3. SPECTRAL LINE PARAMETERS

Individual line positions, relative intensities, and ground state energies were computed for
"“N'%0,, and were then normalized to the total band intensity of 1430 cm ™ atm™'. Upper and
lower state rotational energy levels for J < 60 and K_, = 12 were computed from the constants of
HurLock et al™ Due to the zero spin of the '*O nuciei, only symmetric lower-state rotational
energy levels are populated. Type A selection rules (with AK_, = +1) were applied to obtain the
allowed transitions, for which rigid asymmetric rotor relative line intensities were assumed.
Neither “hot’” bands [the strongest, (va + v2 — v1), contributing about 5 per cent] nor isotopic bands
were included in this compilation. Spin splitting, due to an unpaired electron, has been cbserved
in vy of "N 0., but was not included in the rotational analysis.” Nor was it taken into account in
the present calculations. Figure 4 shows the derived line intensities as a function of wavenumber
v. A number of K_, sub-bands as well as )-branches can be seen. Due to the relatively large
difference in the rotational constant A in the lower and upper states, the Q-branches do not form
a central feature, but are spread out on the low wavenumber side of band center,

The statistical band mode] parameters e{r), B°(¥) and 4°#) can be calculated theoretically
from the individual line parameters and the half-widths.""” In particular, (S°/d). is given by
%.5°{Av, where the sums are taken over all spectral lines in the spectral interval Av{cm™). Figure
5 shows a comparison between the calculated and the experimental values of (5°/d), for 40°C
and Av = 10em™. Such a comparison is independent of the halfwidths and the spin splitting. {t is
interesting to note that good agreement is obtained in the R-branch and in the wings, but that the
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calculated values are larger than the experimental values in the P-branch. The calculated
individual line intensities, which are normalized to 1430 cm™ atm™, do not vield significant
(S°/d), values outside the wavenumber interval covered by the experimental {5°/d),, even
though the experimental spectra indicate larger wings.

The derived line parameters were also used in comparisons of line-by-line calculations with the
experimental spectra. A typical comparison is shown in Fig. 6, where 0-5 cm™ and 10 cm™
resolution have been assumed in the calculated spectra respectively. An average halfwidth of 0-1
cm™ atm™ at 300°K has been assumed for all lines. It is seen that most of the observed spectral
structure is reproduced by the spectra calculated on the line-by-line basis, However, the
observed spectrum shows 5-10 per cent more absorption than the calculated spectrum, which
may suggest that the present band intensity is too low. Another possible contribution to this
difference can be due to even larger halfwidth and due to spin splitting. Including spin splitting in
the line compilation is expected to increase the calculated absorption for splittings larger than the
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Fig. 6, Comparison of theoretical and experimental spectra at ~0-3 cm™" and ~10¢m ™ resolutions for the
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¢clarity. (The smoother ctirve corresponds to the 10 cm™ resolution. )

haifwidths. This effect has been verified by recent 6-2u NO, line-by-line calculations by I
Susskmn."® Unfortunately, no reliable spin splitting parameters are available at this time.
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